Reaction dynamics following electron capture of chlorofluorocarbon adsorbed on water cluster: A direct density functional theory molecular dynamics study J. Chem. Phys. 126, 194310 (2007) Density functional theory has been used to study the adsorption of hydroxyl at low and high coverages and also to investigate the nature of the intermediate in the H 2 O formation reaction on Pt͑111͒. At low coverages ͓1/9 of a monolayer ͑ML͒ to 1/3 ML͔ OH binds preferentially at bridge and top sites with a chemisorption energy of ϳ2.25 eV. At high coverages ͑1/2 ML to 1 ML͒ H bonding between adjacent hydroxyls causes: ͑i͒ an enhancement in OH chemisorption energy by about 15%; ͑ii͒ a strong preference for OH adsorption at top sites; and ͑iii͒ the formation of OH networks. The activation energy for the diffusion of isolated OH groups along close packed rows of Pt atoms is 0.1 eV. This low barrier coupled with H bonding between neighboring OH groups indicates that hydroxyls are susceptible to island formation at low coverages. Pure OH as well as coadsorbed OH and H can be ruled out as the observed low temperature intermediate in the water formation reaction. Instead we suggest that the intermediate consists of a mixed OHϩH 2 O overlayer with a macroscopic surface coverage of 3/4 ML in a 2:1 ratio of OH and H 2 O.
A density functional theory study of hydroxyl and the intermediate in the water formation reaction on Pt
A. Michaelides Density functional theory has been used to study the adsorption of hydroxyl at low and high coverages and also to investigate the nature of the intermediate in the H 2 O formation reaction on Pt͑111͒. At low coverages ͓1/9 of a monolayer ͑ML͒ to 1/3 ML͔ OH binds preferentially at bridge and top sites with a chemisorption energy of ϳ2.25 eV. At high coverages ͑1/2 ML to 1 ML͒ H bonding between adjacent hydroxyls causes: ͑i͒ an enhancement in OH chemisorption energy by about 15%; ͑ii͒ a strong preference for OH adsorption at top sites; and ͑iii͒ the formation of OH networks. The activation energy for the diffusion of isolated OH groups along close packed rows of Pt atoms is 0.1 eV. This low barrier coupled with H bonding between neighboring OH groups indicates that hydroxyls are susceptible to island formation at low coverages. Pure OH as well as coadsorbed OH and H can be ruled out as the observed low temperature intermediate in the water formation reaction. Instead we suggest that the intermediate consists of a mixed OHϩH 2 
I. INTRODUCTION
Adsorbed hydroxyl groups play a crucial role in an enormous number of chemical processes. They are important to electrochemistry and heterogeneous catalysis and are intermediates in all catalytic combustion processes involving H containing fuels over transition metal surfaces. Consequently, OH groups have been intensively investigated. Given their transitory nature, however, reports concerning their interaction with metal surfaces are conflicting.
Fisher and Sexton 1 were the first to report the observation of chemisorbed OH. They suggested that OH, on Pt͑111͒, could be prepared by adsorption of H 2 O on an O covered surface at 100 K followed by annealing to 150 K. Vibrational and electronic spectra showed features which could be interpreted as being due to adsorbed OH. It was, therefore, suggested that H 2 O and O disproportionate to produce OH. This method is now routinely used to produce OH covered surfaces. [2] [3] [4] [5] [6] [7] [8] [9] In subsequent studies, Creighton and White 2 concluded from isotopically labeled thermal desorption experiments that the stoichiometry of the disproportionation reaction between H 2 O and O was 2:1 and suggested that the OH producing reaction on Pt͑111͒ was:
An area in which OH groups play a critical role is the hydrogen-oxidation to water reaction. This process dates back to the time of Faraday 10, 11 and constitutes a fundamental reaction step in many catalytic processes of industrial importance. The mechanism of this reaction and the nature of the intermediate through which it proceeds have been intensively debated over the years. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Recently, Ertl and coworkers have studied the water formation reaction on Pt͑111͒. 3 With the scanning tunneling microscope ͑STM͒ this process was seen to proceed, at Ͻ180 K, through reaction fronts. The following reaction mechanism was proposed:
Step 2 initiates the process and the bulk of the H 2 O is formed by cyclic repetition of hydrogenation ͓reaction ͑3͔͒ and disproportionation ͓reaction ͑4͔͒ steps. In a subsequent study 4 they showed that the stoichiometry of the disproportionation step was again 2H 2 O to 1O. Furthermore, they demonstrated conclusively that the intermediate which propagates across the surface in the reaction fronts is the same species that is produced after coadsorption of 2H 2 O and 1O ͓reaction ͑1͔͒. Using STM and low energy electron diffraction ͑LEED͒ they also showed that this species, with an overall surface coverage of 3/4 of a monolayer ͑ML͒, contained majority regions with ͱ 3ϫͱ3-R30°and/or (3ϫ3) periodicity and minority (1ϫ1) domains. A structural model was proposed with this species characterized as chemisorbed OH. One can imply from reaction ͑1͒, however, that additional H atoms should also be present upon the surface although these were never detected by either STM or HREELS and are not included in structural models. In the present study we wish to investigate the nature of these ordered phases and hope to ''find'' the missing H atoms. Theoretical calculations have been widely employed in the study of catalytic reaction intermediates. [24] [25] [26] [27] [28] Previous work on OH, however, has been performed on cluster models and has focused on the adsorption of isolated hydroxyls.
a͒ Author to whom correspondence should be addressed. Electronic mail: p.hu@qub.ac.uk Van Santen and co-workers 29 have performed density functional theory ͑DFT͒ cluster calculations for OH chemisorption on a variety of transition and noble metal surfaces. They found that OH binds preferentially at three-fold hollow sites and calculated chemisorption energies to lie in the 1.8-3 eV range. Hermann et al. 30 have performed ab initio HartreeFock linear-combination-of-atomic-orbitals calculations for OH chemisorption on Cu͑111͒ cluster models. They found that the fcc three-fold hollow sites are energetically favored with a chemisorption energy of 3.1 eV. An analysis of the metal-OH chemisorption bond identified considerable metal to OH charge transfer. Yang 
II. CALCULATION DETAILS
First-principle total energy calculations within the DFT framework were performed. 34 Ionic cores are described by ultra-soft pseudopotentials 35 and the Kohn-Sham oneelectron states are expanded in a plane wave basis set, up to 300 eV. A Fermi smearing of 0.1 eV was utilized and the corrected energy extrapolated to zero Kelvin. The generalized gradient approximation of Perdew and Wang ͑PW91͒ 36 was used throughout.
The Pt͑111͒ surface was modeled by a periodic array of slabs. A calculated Pt lattice constant of 3.9711 Å (experimentalϭ3.9239 Å) was used throughout. Several different unit cells-ͱ3ϫͱ3-R30°p(2ϫ2), p(3ϫ2) and p(3ϫ3)-were used. By variation of the unit cell and the number of OH groups in each unit cell, we investigate OH chemisorption at a wide range of coverages. Tests were conducted in order to decide on the appropriate number of Pt layers to use throughout the study. Hydroxyl chemisorption was considered at 1/4 ML coverage on a fixed two, three, and four layer slab and also on a four layer slab in which the top layer of Pt atoms were allowed to relax. From Table I it is clear that the structural parameters and chemisorption energies are similar in all systems. It was decided, therefore, to use a fixed three layer Pt slab throughout since this offered the best compromise between accuracy and computational load. The vacuum region between slabs was in excess of 11 Å. A Monkhorst Pack mesh 37 with 5ϫ5ϫ1 k-point sampling in the surface Brillouin zone was used for the ͱ 3 ϫͱ3-R30°unit cell and varied accordingly for the others.
Chemisorption energies (E ads ) per OH were calculated, at the various OH coverages, from
where E OH , E Pt , and E OH/Pt are the total energies of free OH, Pt͑111͒, and Pt͑111͒-OH. Vibrational modes were determined via the numerical calculation of the Hessian matrix. The Hessian matrix elements are computed through displacement of each Cartesian component of a selected set of atoms by Ϯ␦. For each such displacement a self-consistent electronic structure calculation is performed, yielding all forces on all Cartesian componenets of atoms. The Hessian matrix element D i␣ j␤ is obtained by numerical differentiation of the forces:
where F i␣ (R j␤ ϩ␦) is the force on atom ␣ in the i direction (iϭx,y,z) with atom ␤ moving a distance ␦ from the optimized structure in the j direction; m i is the mass on atom i. Testing calculations for free molecules and previous studies of adsorbed species 38 reveal that with this approach we calculate normal modes which differ from experiment by ca. 4%.
III. RESULTS AND DISCUSSION

A. OH chemisorption
Hydroxyl chemisorption was examined at eight different coverages ranging from 1/9 ML to 1 ML. OH binds quite strongly at all coverages with chemisorption energies between 2.2 and 2.53 eV. This is illustrated in Fig. 1 from which it can be seen that there are essentially two distinct coverage regimes: ͑i͒ at low OH coverages (1/9→1/3 ML) the OH chemisorption energy is ca. 2.25 eV; and ͑ii͒ at me- dium to high coverages (1/2→1 ML) the OH chemisorption energy is ca. 2.5 eV. Below we consider OH chemisorption in both regimes.
Low OH coverage (1Õ9\1Õ3 ML)
Table II lists chemisorption energies and optimized structural parameters for OH chemisorption at coverages from 1/9 to 1/3 ML. Within this coverage regime OH binds most strongly to the surface at bridge and top sites. The three-fold hollow sites are not minima in the potential energy landscape. The main properties of the adsorption systems such as those listed in Table II are alike within this coverage regime. For convenience, therefore, we restrict our discussion of OH chemisorption at low coverages to 1/4 ML.
At 1/4 ML the OH chemisorption energy is 2.27 and 2.22 eV at the top and bridge sites, respectively. Constrained structure optimizations at the fcc and hcp three-fold hollow sites, performed by fixing the O atom of OH directly above the ideal hollow site positions, revealed that these sites are ϳ0.3 and ϳ0.5 eV, respectively, less stable than the top site. Figure 2 displays the structure of OH at the top, bridge, and fcc sites. At all sites OH adsorbs with the O end down. At the bridge and top sites the OH axis makes an angle of 67°a nd 71°, respectively, with the surface normal. At the threefold hollow sites the OH axis is essentially in the plane of the surface normal. The O-Pt bond length increases from 2.00 to 2.26 Å upon moving OH from the top to the hcp three-fold hollow sites. At each site the OH bond length is essentially unchanged from its gas-phase value of 0.98 Å. The most favorable orientation for OH at the top site ͓Fig. 2͑a͔͒ is to have the OH bond inclined toward a bridge site. The potential energy surface for rotation of OH about the surface normal at this site is fairly flat, however, with a barrier of 0.05 eV.
We have investigated the diffusion of OH across the Pt͑111͒ surface at 1/4 ML. A barrier of 0.11 eV has been determined for the diffusion of OH between bridge and top sites. Hydroxyl will, therefore, be capable of diffusing easily along close packed rows of Pt atoms. Such easy diffusion coupled with an enhancement in chemisorption energy at higher OH coverages indicates that hydroxyls will tend to cluster and form islands at low surface coverages.
Medium-to-high OH coverage (1Õ2\1 ML)
Within this coverage regime hydroxyls bind to the surface with a chemisorption energy of ca. 2.5 eV ͑Fig. 1͒. This 15% enhancement in the chemisorption energy compared to low OH coverages is due to H bonding interactions between neighboring OH groups. Patrito et al. 33 have applied the BOC-MP method to the energetics of H bonding in adsorbed hydroxyls. For the specific case of 1/2 ML OH on Pt, the BOC-MP method predicts that H bonding will cause an increase in the OH chemisorption energy to 2.55 eV from a zero coverage value of 1.67 eV. We find, in fact, that H bonding is of crucial importance not only to the energetics but also to the structure of hydroxyl overlayers. Within this coverage regime the most stable overlayer is always the one that allows for the most effective H bonding interactions. This tends to result in the formation of OH ''chains'' and in a clear preference for OH chemisorption at top sites.
The most stable OH structure at each coverage is shown in Fig. 3 and the optimized structural parameters for these phases are listed in Table III . In general, the values for O-Pt distance and OH tilt angle for individual OH groups within these phases are similar to their respective values at low OH coverages. The O-H bond lengths tend to be slightly elongated ͑0.99-1.00 Å͒ compared to low OH coverages, which is an indication of H bonding. At this juncture we shall consider each phase in turn. At 1/2 ML OH groups bind with a chemisorption energy of 2.49 eV to top sites and form linear chains with (2ϫ1) periodicity ͓Fig. 3͑a͔͒. The chains run along close packed rows of Pt atoms with each OH group pointing directly toward an antecedent OH.
Two-third ML is the OH coverage in the experimentally observed majority )ϫ)-R30°and (3ϫ3) domains. ) ϫ)-R30°and (3ϫ3) domains coexist and, except for the different periodicity, which has been attributed only to local rearrangements of OH groups, there is a close similarity between both structures. 4 Because of this and the greater computational load involved in studying the (3ϫ3) phase, we have chosen to investigate only the )ϫ)-R30°phase. We find that the )ϫ)-R30°phase is the most stable OH phase at any coverage with a chemisorption energy of 2.53 eV per OH. OH groups bind to top sites and form ''zigzag''-like chains across the surface ͓Fig. 3͑b͔͒. This, with the added local structural information in Table III , is essentially the same as the structural model suggested by Ertl and coworkers for the )ϫ)-R30°domains. 4 Since this is the most stable OH phase calculated for any coverage, and it agrees with the structural model proposed by Ertl and coworkers, one would be inclined to believe that this is, indeed, the nature of the observed )ϫ)-R30°domains. Such an assignment, however, neglects the presence of additional H atoms which we can imply from Eq. 1. We will show in Sec. III B that the inclusion of the additional H atoms is essential in understanding the true chemical nature of this phase.
Three-fourth ML is the overall experimental coverage for the observed OH overlayer. 4 We have treated OH adsorption at this coverage in two distinct ways. We first considered OH adsorption with a uniform coverage of 3/4 ML. This yields the OH phase shown in Fig. 3͑c͒ , which is the least stable of the high coverage OH phases with a chemisorption energy of 2.44 eV per OH. The structure of this phase can be viewed as (2ϫ1)OH chains with additional hydroxyls sitting on one of the two free Pt atoms of each surface p(2 ϫ2) unit cell. The second method used to model 3/4 ML OH coverage is to recreate the experimentally observed 3/4 ML overlayer more precisely. As mentioned earlier, hydroxyls are partitioned into majority )ϫ)-R30°and/or (3ϫ3) phases with local coverage 2/3 ML and minority (1ϫ1) phases. If the overall surface coverage is exactly 3/4 ML then 76% and 24% of the surface will be covered in the ) ϫ)-R30°and/or (3ϫ3) and (1ϫ1) domains, respectively ͓Fig. 3͑d͔͒. Two-third and one-third of all adsorbed OH groups will therefore be in the )ϫ)-R30°and/or (3ϫ3) and (1ϫ1) domains, respectively. We can account for such a mixed OH overlayer by combining the results of separate 2/3 ML ()ϫ)-R30°domain͒ and 1 ML (1ϫ1 domain͒ calculations. With this procedure we find that the OH chemisorption energy is 2.52 eV per OH. Thus it is energetically more favorable to partition 3/4 ML OH into ) ϫ)-R30°2/3 ML and (1ϫ1) domains than to have a uniform surface coverage of 3/4 ML. At 1 ML coverage OH forms a rather interesting overlayer with a chemisorption energy of 2.50 eV per OH. Hydroxyls bind to top sites and point in between two antecedent hydroxyls ͓Fig. 3͑e͔͒. This is different behavior to that observed at slightly lower coverages where OH groups point directly at O atoms of antecedent hydroxyls. A 1 ML phase of this type is only 0.07 eV less stable than the favored structure. The favored structure can be viewed as a twodimensional network of hydroxyls rather than the chains which are observed at slightly lower coverages. A structural model for the experimentally observed (1ϫ1) domains was not proposed. 4 Since this ͓Fig. 3͑e͔͒ is the most stable 1 ML OH phase calculated, it is likely that this structure closely models the experimentally observed (1ϫ1) domains.
B. The intermediate in the H 2 O formation reaction
The hydrogen-oxidation to H 2 O reaction on Pt is one of the oldest and most fundamental reactions in catalysis. The nature of the intermediate through which it proceeds has been intensively debated over the years. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] As discussed earlier, the intermediate has been identified as the species that forms through the disproportionation of two H 2 O molecules and one adsorbed O ͓reaction ͑1͔͒ and assigned as OH. 3, 4 It has been shown that this species with a surface coverage of 3/4 ML arranges upon the surface in majority )ϫ)-R30°and/or (3ϫ3) domains and minority (1ϫ1) domains. From reaction ͑1͒, H atoms, which have never been observed, should also be present on the surface. Having discussed the structure and energetics of pure OH overlayers we now consider the adsorption of H within such overlayers. FIG. 3 . Plan views of the most stable high coverage (1/2 ML→1 ML) pure OH phases on Pt͑111͒. ͑d͒ illustrates how 3/4 ML OH can be partitioned into majority )ϫ)ϪR30°͑76%͒ and minority (1ϫ1) ͑24%͒ domains. Experimentally H 2 O and O react on Pt͑111͒ with a 2:1 stoichiometry to produce a surface overlayer consisting of majority )ϫ)-R30°and/or (3ϫ3) domains and minority (1ϫ1) domains. 4 H atoms must be adsorbed within these domains. Since the (1ϫ1) OH phases have a coverage of 1 ML the surface is very crowded in these regions. Every surface Pt atom is directly bonded to an OH and based on a bonding competition argument H atoms will not bond strongly to the surface in these regions. 39, 40 H atoms will, therefore, be adsorbed within the majority )ϫ)-R30°a nd/or (3ϫ3)-OH domains. As with the adsorption of pure OH overlayers, we have considered OHϩH coadsorption within )ϫ)-R30°domains and not the (3ϫ3) domains. The 2:1 stoichiometry of reaction ͑1͒ dictates that there should be one adsorbed H for every 3 OH groups. Since, as mentioned earlier, two-third of all adsorbed hydroxyls are located within the )ϫ)-R30°and/or (3ϫ3) domains the addition of a single H to the )ϫ)-R30°unit cell is equivalent to the addition of one H for every three hydroxyls. Nine different locations for a single H atom within the 2/3 ML)ϫ)-R30°OH phase were calculated separately. The nine initial H locations are labeled ''b'' to ''f'' in Fig.  4͑a͒ . After structure optimization of all nine systems, only two types of minima were identified. Examples of which, labeled ͑b͒ and ͑c͒, are shown in Figs. 4͑b͒ and 4͑c͒ . Optimized structural parameters for systems ͑b͒ and ͑c͒ of Fig. 4 are listed in Table IV . In structure ͑b͒ of Fig. 4 , H is chemisorbed on the top site of the only Pt atom which is not directly bonded to an OH group. The structure of the ) ϫ)-R30°OH phase in this system is similar to that in the absence of coadsorbed H ͓Fig. 3͑b͔͒. The H-Pt bond length of 1.55 Å and the H chemisorption energy of 2.8 eV are typical for H chemisorption on clean Pt. 24 This indicates that in coadsorption system ͑b͒ of Fig. 4 there is little interaction between chemisorbed H and the OH phase. Figure 4͑b͒ shows a possible structure for the experimentally observed )ϫ)-R30°domains but structure ͑c͒ of Fig. 4 is more likely, not least because structure ͑c͒ of Fig. 4 is 1. 18 eV more stable that structure ͑b͒. In structure ͑c͒ the H atoms are incorporated into the )ϫ)-R30°OH phase with the effect that every second OH is converted into H 2 O. Thus it is OHϩH 2 O which is chemically different from 2OHϩH coadsorbed. This )ϫ)-R30°OHϩH 2 O phase with a 1:1 ratio of H 2 O and OH is a two-dimensional network with every OH fragment being both a H bond acceptor and donor. The conversion of every second OH into H 2 O transforms the OH ''chains'' into OHϩH 2 O ''rings'' with every O atom coordinated to three H atoms ͓Fig. 4͑c͔͒.
There are several pieces of evidence which point to structure ͑c͒ of Fig. 4 41, 42 Such high barriers will be insurmountable at the low temperatures ͑110 K͒ at which the H 2 O formation reaction can proceed. ͑iii͒ We have performed a vibrational analysis on structures ͑b͒ and ͑c͒ of Fig. 4 and also the pure 2/3 ML)ϫ)-R30°OH phase ͓Fig. 3͑b͔͒. Table V lists observed experimental modes from the HREELS spectra of Ref. 4 and their corresponding calculated modes in systems ͑b͒ and ͑c͒ and also the pure 2/3 ML)ϫ)-R30°OH phase. From Table V it is clear that the best agreement between experimental modes and calculated modes is obtained with the 18 They cited as evidence the fact that H 2 O dissociation on clean Pt has not been observed. Further, they argued that the spectroscopic data used in the assignment of pure OH were not inconsistent with a mixed OHϩH 2 O overlayer.
Considering the above points, we believe that the much debated intermediate in the H 2 O formation reaction on Pt͑111͒ is a mixed OHϩH 2 O phase. In the majority ) ϫ)-R30°domains there is a local 1:1 ratio of OH and H 2 O ͓Fig. 4͑c͔͒. Taking into account the minority (1ϫ1) pure OH domains then at a macroscopic level the overlayer has a 2:1 ratio of OH and H 2 O. Since this is the overlayer produced by the coadsorption of H 2 O and O at 100 K followed by annealing to 150 K, this method should be reconsidered as a method to produce chemisorbed OH on Pt͑111͒. It is possible that the minority (1ϫ1) domains are the only pure OH phases observed Pt͑111͒.
IV. SUMMARY
͑1͒ At low coverages ͑1/9 to 1/3 ML͒ OH binds preferentially at bridge and top sites with a chemisorption energy of approximately 2.25 eV. ͑2͒ At high coverages ͑1/2 ML to 1 ML͒ the formation of OH networks causes: ͑i͒ a 15% enhancement in OH chemisorption energy; and ͑ii͒ a strong preference for OH adsorption at top sites. ͑3͒ Isolated OH groups can diffuse very easily across the Pt͑111͒ surface. This coupled with H bonding between neighboring OH groups indicates that hydroxyls are susceptible to island formation at low coverages. ͑4͒ The species formed using a standard method to produce Fig. 4͑c͒ ; )ϫ)-R30°-(2OH) to that shown in Fig. 3͑c͒ and ) ϫ)-R30°-(2OHϩH) to that shown in Fig. 4͑b͒ . All values are in wave numbers. , ␦, and T refer to stretching, bending, and translational modes, respectively. Ќ and ʈ modes are relative to the OH surface plane or the H 2 O surface plane. 
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